Biomineralization, the ability of organisms to form inorganic materials, is widely distributed and occurs in almost every phylum [l-31 . Bacteria possess surfacas that may interact strongly with metal ions. They are able to extract toxic heavy metals from the natural freshwater environments and to immobilize them there. Acidic groups on the surface apparently nucleate the formation of amorphous precipitates which grow and may become crystalline [4] . Some bacteria can directly oxidize even aromatic compounds to carbon dioxide by reduction of FeIII. Such dissimilatory FeIII-reducing microorganisms form magnetite as an extracellular endproduct. These magnetite crystals are round or oval and 10-50 nm in diameter, but 96 % of them are superpsnamagnetic. There is no evidence of cellular material enveloping the crystals 151.
Magnetic bacteria were discovered and first described 20 years ago 161. They may orient themselves and migrate along magnetic field lines. This is possible because magnetic crystals of magnetite (Fe04) are present in the cell. Each single crystal is enveloped by a membrane, an entity which is called magnetosome. The biological function of cellular magnetism is still an open question, but some magnetic bacteria may use a magnetonavigation by interaction with the Earth's magnetic field [l] .
Resub and Discussion
Magnetic bacteria are apparently ubiquitous. We found an impressive variety of morphologies as cocci, vibrios, spirilli and rods in mud layers of the Bavarian lake Chiemsee and the firepond of our institute in Martinsried. At least 14 different forms could be distinguished Magnetic cocci were observed in large numbers and were found to be the dominant organisms in the majority of samples. Magnetic rods and vibrios were usually found in lower numbers, but
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the range of species and their relative abundances considerably varied depending on sampling site. Remarkably, some magnetic bacteria of unusual large size (10-15 pm) were detected, which contained up to 1000 discrete magnetic crystals.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:19971267 Low-magnification electron micrographs of bacterial magnetosome indicated a variety of morphological forms which were species-specific. Viewed in projection, cubic, rectangular, hexagonal and bullet-shaped particles have been observed. Magnetic crystals prevalently were in the size of40-120 nm. In most cells, magnetosomes were arranged in one short chain. Some bacteria were found to contain two or more parallel or crossing chains, whereas in some species an irregular arrangement in a rather loose clump was observed. Nevertheless, these latter organisms still retained a net dipole magnetic dipole.
1.2 Isolation of a pure culture: Magnetospirillum gryphiswaldense
Magnetic separation techniques were used to isolate various magnetic bacteria. A pure culture of a spirillum, Magnetospirillum giyphiswaldense could be obtained [7] . This organism proved to be a new magnetic bacterium and was described as Magnetospirillum giyphiswuldense MSR-l, representing the type strain of the proposed genus MagnetospiriNum [S] . M. gyphiswaldense belongs to the a-subgroup of proteobacteria and is able to form intracellularly up to 60 magnetic particles, which are arranged in a chain. The cells are very motile by means of a single flagellum at each pole. Under microaerobic conditions, M. gryhiswaidense can be grown in a simple liquid medium containing organic acids and mineral salts. A special method was developed for the mass cultivation of magnetic cells up to the 100-1-scale [g]. Among the magnetic bacteria available in pure culture, M. gryphiswaldense is the organism which can be grown best in the laboratory with a yield of 33 g dry weight per 100 1 medium. Thus, one main limitation associated with the research in the field of bacterial magnetite biomineralization could be overcome.
Iron metabolism in M. gryphiswaldense
Magnetic bacteria need iron not only as an essential element for bacterial growth, i.e. biosynthesis of various iron metalloproteins, but use it also to form inorganic crystals in vesicles, called magnetosomes. The iron content of magnetic bacteria may exceed 2 % of dry weight [10,1 l], compared to that of E. coli, which is found with 0.005-0.022 % of dry weight [12, 13] . But iron uptake is poorly investigated until now and an exact mechanism remains to be studied in detail.
Growth and magnetite formation in Magnetmpirillum gryphiswaldense MSR-I were found close to the maximum at extracellular iron concentration of 15-20 @ l . The uptake of iron was studied by detection of incorporation of radioactive "~e . Ferric iron was taken up at high rate. Spent culture fluids stimulated the uptake of ferric iron in irondepleted cells, whereas fresh medium and transport buffer were unable herein. Several iron chelators including various microbial siderophores failed to promote transport of iron into the cells. Moreover, no siderophomlike compounds could be detected in spent culture fluids by CAS-assay, which is reported to be an universal tool for detection ofsiderophores 1141. 
I. l .l Assaying magnetite formation by a simple light scattering method
A fast and sensitive tool for monitoring the magnetite formation in growing cultures of M. grsphiswaldense was developed. Cells are aligned parallel to the field lines in a magnetic field, resulting in a change of light scattering.
The ratio of scattering intensities (C&) at different angles of magnetic field, relative to the light beam, was used to characterize the average magnetic orientation of the cells. C, was found to be well correlated to the average number of particles in different magnetic cell populations. Thus, estimation of magnetosomes content can be made, using magnetically induced differential light scattering [lq.
Dynamics of magnetite biomineralisation in M. gryphiswaldense
Growth, magnetism and dissolved oxygen concentration were followed simultaneously in aerobic cultures of M. gyphimldense at constant aeration, to determine optimal conditions for bacterial magnetite crystal formation. The extraordinary uptake of iron required for formation ofFe304 was found to be tightly coupled to the initiation of magnetite biomineralization. Iron was not taken up continuously throughout the growth, but iron uptake and magnetite formation occurred simultaneously only at microaerobic conditions [l 7,181.
The magnetite crystal and ist enveloping membrane, an entity called magnetosome
We succeeded in cultivating M. gryphiswldense in large scale. The high yield of 33 g dry weight of bacteria from a 100 1 fermenter was the prerequisite for the preparation of magnetosomes, enough for their purification which allowed to distinguish between proteins of the magnetosome membrane and contaminations form other membranes. A new method was developed for the purification of magnetosomes, which were collected from disrupted cells by density gradient centrifugation and then applied to a magnetic separation column. After several washings about 300 mg magnetosomes of high purity were obtained from 33 g dry weight of bacteria. The magnetite in rnagnetosomes of M. gryphiswaldense forms cubooctahedraI, single domain crystals, which are 42-45 nm in diameter. Analysis by energy-dispersive X-ray analysis and atomic absorption revealed that these crystals are composed exclusively by iron and oxygen. Any attempt to biosynthesize magnetic iron spinels, F%, M& instead of magnetite, Peso4, within M.
gvphiswaldense by incubating cells under different conditions at variable concentrations of copper, cobalt, chranium, nickel, manganese and titanium, failed so far. In electron micrographs the individual crystals appear to be enclosed by a membrane. It is remarkable that these isolated magnetosome chains do not collapse in suspension, but show a certain repulsion, probably an electrostatic one. When treated with detergents these membranes are apparently dissolved and magnetite crystals agglomerate. In this extract, at least six magnetosome-associated proteins were detected, which are specific for the magnetosome membrane.
But not only the protein compositions of outer, inner and m a g n e t m e membrane are different, but also the compositions of their phospholipids. In addition an unknown hydrophobic compound, probably a lipid, was found in preparation of the outer and cytoplasmic, but not of the magnetosome membrane. This marker substance was the analytical key in isolating magnetosomes without contamination d the other membranes.
I. l. 7 Magnetonavigation.
In all magnetic bacteria, we had found, is the magnetic dipole parallel to the axis of motility, even if the magnetite crystals appeared to be randomly distributed close to the flagellar motor. It was found recently that Vibrio alginolyticus, a marine bacterium with ~a+-driven polar flagellar motor, rotates very fast between 1100-1700 r.p.s. with an average swimming speed of 160 pm X S-'. This suggests that fast rotating flagellar motors are essentially located at the poles of bacteria for stabilization [22] . In addition marine bacteria were reported to form microswarms which are able to accelerate up to 1450 pm X S-* to a mean speed of230 pm X i ' [23] .
Those high speeds and quick shifts may rdect the requirement for useful motility in a turbulent ocean [24] . The oxicanoxic transition zone in aquatic muds may apparently migrate up to four meters high from the bottom of a lake or the sea [25] , where magnetic bacteria were found to concentrate or comigrate. These experiences allow to sp~mlate in a mdfied way on magnetonavigation. When a turbulent ocean destroys this oxic-anoxic zone, magnetic bacteria may orient and move with high speed to microaerophilic environments [26] .
